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Radiological Considerations in the Operation
of the Low-Energy Undulator Test Line (LEUTL)

April 10, 1998

H. J. Moe

1. General

The Low-Energy Undulator Test Line (LEUTL) is a facility that uses the existing APS linac
accelerate electrons up to an energy of 700 MeV. These electrons are transported through t
into a portion of the booster synchrotron and on into the LEUTL main enclosure (MIL
Figure 1 shows the layout of the LEUTL building, which consists of an earth-bermed con
enclosure and an end-station building. The concrete enclosure houses the electron beaml
undulator, and beam dump. This facility is about 51 m long and 3.66 m wide. Technical co
nents and diagnostics for characterizing the undulator light are found in the end station

building has about 111 m2 of floor space.

This note deals with the radiological considerations of operations using electrons up to 700
and at power levels up to the safety envelope of 1 kW. Previous radiological consideration
electron and positron operations in the linac, PAR, and synchrotron have been addresse
where (MOE 93a, 93b, and 93c). Much of the methodology discussed in the previous writeu
well as in MOE 94, has been used in the computations in this note. The radiological aspec
are addressed include the following: prompt secondary radiation (bremsstrahlung, giant reso
neutrons, medium- and high-energy neutrons) produced by electrons interacting in a beam
in component structures; skyshine radiation, which produces a radiation field in nearby are
at the nearest off-site location; radioactive gases produced by neutron irradiation of air
vicinity of a particle loss site; noxious gases (ozone and others) produced in air by the esc
bremsstrahlung radiation that results from absorbing particles in the components; activation
LEUTL components that results in a residual radiation field in the vicinity of these materials
lowing shutdown; potential activation of water used for cooling the magnets and other purpo
the tunnel; and evaluation of the radiation fields due to escaping gas bremsstrahlung. Est
dose rates have been computed or scaled (in the case of 400 MeV electrons) outside of the
tunnel, in Building 412, and in the Klystron Gallery for several modes of operation, includ
potential safety envelope beam power, normal beam power and MCI (maximum credible inc
conditions. Radiological aspects of shielding changes to the synchrotron and their effect
operations are addressed in MOE 97. No change in the safety envelope for synchrotron op
was warranted.

2. Beam Parameters and LEUTL Tunnel Information

Computations have been based upon these parameters for Design Performance Goal
operations with electrons: 30 nC/p, 10 pulses/s and an electron energy of 400 MeV. This g
1



Figure 1.  LEUTL building with the end station.
2



tron.
syn-

a per-
on at
nt of

repeti-

8 m,
9 m
wall,
undu-

in the
thick-
of the

net fail
ling is
nel is

.83-m-
berm
nel is

ans-
point
ition
gsten
d wall
). The

bove
d the
oint
ade so
int.

expres-
beam power of 120 W at the end of the linac that is sent through the PAR into the synchro
This beam travels either to the LEUTL to be used to produce light in the undulators or to the
chrotron beam dump. If sent to the LEUTL, the electron beam is bent into a beam dump by
manent magnet near the end of the LEUTL line following its use to produce light. For operati
the linac safety envelope of 1000 W, a maximum energy of 700 MeV at an average curre
1.428µA is assumed (e.g., ~48 pulses/s at 30 nC/pulse or some other suitable product of
tion rate and charge per pulse).

The LEUTL tunnel is about 51 m in length and 3.658 m in width, except for about the last
where the width is 4.572 m. The LEUTL beamline is 1.4 m above the floor level and 1.21
from the north wall, entering from the east through an alcove and a 1.219-m normal concrete
after it leaves the synchrotron. The beamline is long enough to accommodate about 30 m of
lators before it is deflected by a permanent magnet into a beam dump. The light formed
undulators is deflected and sent through the two normal concrete walls (each 0.914 m in
ness) of the access maze and is analyzed in the end station building. A beam stop in front
first concrete wall of the access maze will stop the particle beam should the permanent mag
to deflect the beam. The walls of the tunnel are normal concrete (30.5 cm thick) and the cei
38.1 cm of normal concrete. The density of the concrete is 2.35 g/cc. The concrete of the tun
supplemented by an earth berm covering the tunnel and the entire area is fenced off by a 1
high steel fence. The earth berm on the north side of the tunnel joins with the existing earth
for the synchrotron in a fenced-in area. The maze shown at the east end of the LEUTL tun
used as an emergency exit only. Not shown is the provision for a future second beamline.

The LEUTL line begins in the linac and utilizes the existing linac line for acceleration and tr
port of the electrons. Electrons are accelerated from a few MeV to 700 MeV. At the bend
into the PAR, the modifications include removal of the Pb stop in the forward direction, add
of a new beamline through the PAR and on into the synchrotron, inclusion of a double tun
stop to prevent unwanted beam from going to the synchrotron, and changes to the shiel
between the PAR and synchrotron to accommodate the new LEUTL beamline (see Figure 2
LEUTL line continues in a straight line through the synchrotron, rising in height to a meter a
the synchrotron beam, and is bent through a penetration in the synchrotron wall towar
LEUTL tunnel (see Figure 3). A beam stop on the floor is provided downstream of the p
where the electron beam is bent upwards at the east end of the synchrotron. Provision is m
that the beam can be directed into this beam dump, for use of the LEUTL line up to that po

3. Radiation Dose Rates

3.1 Bremsstrahlung Dose Rates

The unshielded bremsstrahlung dose profile angular dependence was estimated from an
sion adapted from Swanson, et al. (SWA 85):

 at 1 m (1)HB θB( ) 16.7Eo 2
θB θ1 2⁄⁄–

( ) 833 10
θB 21⁄–

( ) 25 10
θB 110⁄–

( )mrem J⁄+ +=
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Figure 2.  PAR bypass line used for LEUTL.
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Figure 3.  LEUTL line in synchrotron.  Upper drawing shows elevation of line.
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where Eo = the electron energy in MeV, = 100/Eo deg, and is the angle between the fo

ward direction of the electron beam at the point where it strikes the component and the lin
ment from that point to the dose point. The first term in the expression accounts for the int
highly peaked forward component of the bremsstrahlung, and the remaining two terms giv
contribution at the other angles. The dose factor is applicable to cases where the stored b
being lost. The factor can be expressed as a dose equivalent rate factor at 1 meter by mult
each term by the energy loss rate in J/h (3600 W, where W is in watts). The dose rate fac
applicable to the case of injection where losses at a site continue at a given frequency rate
factor becomes

 mrem/h at 1 m. (2)

3.2 Giant Resonance Neutron (GRN) Dose Rate

The distribution with angle for the giant resonance neutron (GRN) component was taken a
tropic. The GRN neutron yield in the injection septum and/or SR components was based on
79):

Y = 1.21× 108 Z0.66 (n/J). (3)

Using a conversion factor of about 7 n/cm2s = 1 mrem/h, the dose equivalent factor at 1 meter
the GRN component can be approximated by 0.33 mrem/J at 1 m for steel components whi
a 1000-W loss, gives a dose rate of

 = 1.19× 106 mrem/h at 1 m unshielded.

The corresponding dose equivalent factor for copper is 0.35 mrem/J.

3.3 Medium and High Energy Neutron Dose Rates

Dose equivalent factors for the medium energy neutron (MEN) and high energy neutron (H
components at 90° from a Cu target were taken from CERN 84-02 (CER 84). The variation w
angle is given by Jenkins (JEN 79). The angular relationships of Jenkins are

F(θ)MEN = F(90°)MEN/(1 - 0.75cosθ),

F(θ)HEN = F(90°)HEN/(1 - 0.72cosθ)2,

in which F(90°)MEN = 2.65× 10-2 mrem/J at 1 m and F(90°)HEN = 2.48× 10-3 mrem/J at 1 m for
700 MeV electrons. High-energy neutron production decreases with increasing Z, and Tesch
88) gives the theoretical correction factor of 1.86 for Al and the factor 0.6 for neutron produ

θ1 2⁄ θB

ḢB θB( ) 6.012 10
4
EoW 2

θB θ1 2⁄⁄–
( )× 3.0 10

6× W 10
θB 21⁄–

( )+=

+ 9.0 10
4× W 10

θB 110⁄–
( )

ḢGRN
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in high Z materials (W and Pb), relative to copper. Since iron and copper are close in atomic
ber, the production values in Cu have been assumed for Fe. Combining the factors above
constant and Z correction), the revised unshielded dose factors at 1 m for steel componen
function of the emission angleθ, become:

Steel Component
(mrem/J at 1 m)

These factors would be the same in iron, which is close to Cu in Z number, and 0.6 times low
lead or tungsten. The unshielded dose rates for the three relevant angles are shown in Tab

 Table 1.  Unshielded Dose Rates at 1 m for Steel Components for
700 MeV Operation at 1000 W

For those computations involving the synchrotron ring, the bremsstrahlung, medium energ
high energy neutron component angular dependence was taken into account as the forwar
with respect to the positron beam direction varied. For these estimates the synchrotron rin
assumed to be a circle of radius 54 m.

4. Shielding Computations

Shielding computations were based upon the following expression for the beam loss in a co
nent:

, (4)

Angle MEN HEN

0° 1.06× 10-1 3.16× 10-2

90° 2.65× 10−2 2.48× 10−3

180° 1.51× 10−2 8.38× 10−4

STEEL
Angle, deg.

BREMS. GRN MEN HEN

(mrem/h at 1 m)

0° 4.52× 1010 1.19× 106 3.82× 105 1.14× 105

90° 1.38× 107 1.19× 106 9.54× 104 8.93× 103

180° 2.08× 106 1.19× 106 5.44× 104 3.02× 103

ḢTot

Ḣi
dj

λij
------–exp

i j,
∏

i
∑

r
2

----------------------------------------=
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where is in units of mrem/h, is the appropriate dose rate conversion factor for thth

radiation component, r is the distance from source to dose point in m, dj is the shield thickness in

g/cm2 for the jth shield, andλi,j is the attenuation length of the ith radiation component for the jth

shielding material in g/cm2.

The shield design calculations for non-accident conditions were based upon the operating p
eters for the safety envelope. Estimates of the dose rates for this case were then scaled d
the ratio of the respective powers to obtain the estimated dose rates or doses for the case
normal operational mode. In any case in which the estimates are slightly greater than the
design guideline of 0.25 mrem/h (DOE 92), additional local shielding will be added to achiev
guideline if actual survey measurements confirm that such calculated dose rates may be re

4.1 Attenuation Length of Shielding Materials

Attenuation lengths for the various shielding materials were obtained from Swanson (SWA
and Moe (MOE 91). The value of each of these parameters, for a monoenergetic sou
expected to be constant with depth of penetration if no secondary radiation is produced.
spectrum of radiation, the energy composition changes with penetration and the initial tenth
layer (TVL) will often differ from the equilibrium value. Values chosen for the attenuation leng
are effective values (spectrum-averaged), measured for spectra encountered at similar e
machines. In the absence of values for the MEN component, the value for the HEN comp
was used in order to be conservative. The attenuation length for the HEN component in all
materials, except for concrete which was obtained from the literature, was computed from

λ = 38.5 A0.3 g/cm2, (5)

as given in ICRU Report 28 (ICR 78).

The attenuation lengths, in g/cm2, used in the computations and the density of the various shi
ing materials are shown in Table 2.

4.2 Component and Beam Shielding Material Data

Table 3 contains a listing of parameters for the assumed component and beam shielding ma

These parameters are used in the calculations to estimate the e-/e+ stopping ability and the
expected attenuation of the shower radiation by various components and shielding materials
longitudinal and transverse directions.

ḢTot Ḣi
8
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Table 2.  Attenuation Lengths of Shielding Materials

The critical energy, Ec, the minimum attenuation length for bremsstrahlung,λm, and radiation
length, Xo, values were obtained from Swanson (SWA 79a). The Moliere radius, Xm, is related to
the transverse development of the shower in a given material. The fraction of energy that e
cylindrical volumes of a given radius can be estimated from the Moliere radius, according to
son (NEL 66). When the radius of the cylinder equals 1 Moliere unit, the fraction of energy
escapes is ~0.1. One may estimate the fraction of energy escaping through the side of the c
of radius, R, using an expression from Swanson (SWA 87):

  Fraction = , (6)

where R and Xm are expressed in the same units. The Moliere radius is related to the radi
length and the critical energy by the expression from ICRU Report 28 (ICR 78):

, (7)

where Ec is in MeV and Xm is in the same units as Xo.

4.3 Shielding Approach

The critical energy represents that energy at which the loss of energy per unit path (cm or g2)
of a given material is equal for both radiation production through the bremsstrahlung proces
collision loss. Above the critical energy, more energy is lost to radiation formation (bremsst
ung) than in the collision processes. The electromagnetic shower is not expected to devel

MATERIAL (density-g/cm3) BREMS GRN MEN HEN

λ (g/cm2)

Concrete (2.35) 49 40 65 115

Concrete Block (2.08) 49 40 65 115

Pb (11.35) 24 161 191 191

Polyethylene (0.93) 70 6.3 62 62

Fe (7.87) 34 100 138 138

W (densalloy 18.0) 26.3 161 184 184

Earth (compacted 1.9) 70 33 52 90

Aluminum (2.7) 46.5 40 104 104

0.8e
3.45R Xm⁄–

0.2e
0.889R Xm⁄–

+

Xm Xo
21.2
Ec

----------=
9
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nificantly unless the electron energy is well above the critical energy in the given material. W
the electron energy is high enough for the shower to develop significantly, the number of par
photons, and/or electrons and positrons will initially increase with absorber thickness, reach
maximum value at a thickness, t, given roughly by Bathow, et al. (BAT 67):

t~ Xo lnE/Ec, (8)

where E is the initial electron energy, and then be attenuated by the medium with an atten
length that eventually is expressed byλm. As the initial energy of the electron goes to higher a
higher values, the attenuation of the electron becomes quite complex.

In the electromagnetic shower process electrons produce photons of high enough energy
when pair production occurs, the secondary electrons and positrons also have high enough
to have long ranges in the material. In this situation the radiation length becomes the imp
parameter since it gives the thickness in which the electron loses 1/e of its energy to photo
duction. For high enough initial electron energy, several radiation lengths will be required b
the particles in the shower reach a maximum value and begin to be attenuated. So, the am
shielding needed will be more than just the range of the initial electrons of a given energy.

For lower-Z materials and not too high initial electron energy, the critical energy is high eno
(51 MeV for Al) so that shower development is not too extensive. In high-Z materials, such
and Pb, the critical energies are low enough (see Table 3) for extensive shower developme
at fairly low electron energy. To stop the beam for a low-energy electron source, high-Z mat
are more efficient and require less thickness, but the photon radiation will be higher than t
low-Z materials and, as indicated in Equation (3), the giant resonance neutron production w
higher. The strategy then is to use low-Z material to attenuate low-energy electron beams in
to avoid significant shower development with the increased giant resonance neutron produc
possible, and to use local supplemental shielding (Pb and/or polyethylene) in order to atte
the secondary radiations adequately. As the energy of the electron or positron increases,
materials require too large a thickness to adequately stop the beam so that high-Z materi
used. For the higher energy electron beams, the production of higher energy neutrons (ME
HEN) is less in high-Z materials than in low-Z materials, so high-Z beam stops are more d
able, especially where space is a concern.
10
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Table 3.   Component and Beam Shielding Material Data

Note - Densalloy is about 95% W and has a density of 18 g/cc, for values of range, critical en
radiation length and Moliere radius for densalloy, the values for W were used.

4.4 Shielding Composition and Placement

There are a number of regions of potential beam loss throughout the LEUTL system during
ation. Losses may occur along the linac line during acceleration and transport, in the PAR b
line or at the double beam stop, in the LEUTL line passing through the synchrotron or in the
chrotron beam stop, in the LEUTL line in the LEUTL tunnel, at the transition piece between
LEUTL vacuum pipe and the undulator vacuum chamber, or at the beam stop in the LEUTL
shielding in the linac consists of 2 m of ordinary concrete on the Klystron gallery side and
dose point is about 6 m away from the line. The roof and other side of the linac tunnel are sh
by concrete and an earth berm giving, at least, the equivalent shielding ability of the 2 m of
crete. The highest dose rate during operation would be expected for losses in the linac line
the electrons have been fully accelerated to 700 MeV. The shielding of the PAR was discus
MOE 93b, and is not significantly altered with the addition of the LEUTL bypass line. Howe
in place of a fixed beam stop just after the bending magnet that sends positrons into the PA
LEUTL bypass line includes a double stop. It consists of two W safety stops, each 7.62 cm
that will both be in a closed position when beam is not to be transported along the bypas
These stops are not supposed to see any beam. If beam does hit them, they will shut do
linac. Either one of these stops is sufficient to insure that the dose rate in the forward directi
the synchrotron side of the shielding wall will not be excessive, if the beam should accid
strike the stop. The PAR bypass line also contains a Pb shield that insures that there is no l
sight path from PAR components through the LEUTL beampipe into the synchrotron.

In the synchrotron the beam may be sent to the beam stop (Figure 3). The stop consists of a
cooled aluminum block (15.24 cm× 15.24 cm× 20.32 cm thick) surrounded by Pb and polyethy
ene. Additional shielding is provided by the 1.5-m-thick normal concrete wall of the synchro

Density

Ec
Critical
Energy

λm
Attenuation

Length

Xo
Radiation
Length

Xm
Moliere
Radius

Mat’l Z g/cm3 MeV g/cm2 g/cm2 g/cm2

Al 13 2.7 51 46.5 24.0 10.0

Fe 26 7.87 27.4 34.0 13.84 10.7

Cu 29 8.96 24.8 33.0 12.86 11.0

W 74 19.3 10.2 24.0 6.76 14.0

Pb 82 11.35 9.51 24.0 6.37 14.2

Conc. 11.6 2.35 51 49.0 25.71 10.7
11
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and an added 45.72 cm of stacked concrete blocks along a 5.5-m section of the wall adja
the beam stop, where the shortest dose point distance is about 3.9 m. The stop itself pr
20.32 cm of Pb equivalent shielding on the Building 412 side and 10.16 cm of Pb equivale
the infield side. The roof of the synchrotron provides only 1 m of concrete, so the top of the b
stop consists of 30.48 cm of Pb, backed up by 15.24 cm of polyethylene. The Pb equiv
shielding in the beam direction is 30.48 cm of Pb. If the beam is sent on to the LEUTL tunnel
bent upward by SV1 (see Figure 3) at about a 25-mradian angle for 40 m, and reaches a he
2.4 m in the synchrotron tunnel. Then it is bent back parallel to the original direction of the e
tron beam and sent into the alcove between the synchrotron tunnel and the LEUTL tunnel
stop (7.62 cm) is placed in the LEUTL line after the beam enters the alcove. This stop w
closed when work is being conducted in the LEUTL tunnel to ensure that if beam errantly ar
at bending magnet SV2 (see Figure 3) when it is off, producing a shower in this magnet, the
ation that travels down the LEUTL beam pipe will be significantly attenuated. In being tr
ported through the synchrotron, a portion of the beam could be lost along the beamline, cau
radiation dose rate on the mezzanine of the synchrotron. Since the height of the synchrotro
nel is 2.743 m, the LEUTL line eventually is only 0.343 m below the ceiling of the synchrotron
loss of beam in this higher section of the line will lead to the highest dose rate on the synchr
mezzanine.

The alcove region and the LEUTL tunnel are both part of the bermed shielding for the LE
(see Figure 1), and access to these regions is restricted by the steel fencing. Losses ma
along the length of the LEUTL line in the alcove or the LEUTL tunnel. Failure of the perman
magnet to bend the electron beam into the beam dump near the end of the LEUTL will res
the particle beam striking the Pb shield at the end of the LEUTL line. The wall at the east e
the LEUTL tunnel is concrete (1.219 m thick), and the concrete sections of the access ma
each 0.914 m thick. The tunnel walls are concrete (30.48 cm thick), covered by an earth bermρ =
1.9 g/cc) of slope about 22.5°, which gives an earth shielding thickness of 6.63 m at beam he
(1.4 m). The 1.83 m steel fence limits access to the bermed area so that the distance of
approach on the south side of the berm is 10 m from the tunnel wall, and about 9 m for the north
side of the berm. The roof of the tunnel is concrete (38.1 cm thick), covered by 1 m of earth
and 15.24 cm of top soil. The access maze consists of two fixed concrete walls and a movab
tion made out of stacked concrete blocks between the two fixed walls. The movable wall ex
outward between the other walls to insure that scattered radiation must undergo at least tw
tering interactions before being able to get out of the maze. The Pb beam stop in front of th
fixed concrete wall is 17.78 cm thick in the beam direction and 10.16 cm thick in all transv
directions. The electron beam stop is similar to the stop used in the synchrotron to catch
after it leaves the PAR.

5. Estimated Radiation Dose Rates at Safety Envelope Operation

5.1 Loss Estimate for a Beam Spill

The LEUTL beamline represents a long-running straight portion of beamline starting in the l
When losses occur, an electromagnetic shower is produced that represents an extended s
radiation or spill that can be treated as a line source. A spill results in the radiation being em
12
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along a line source toward the dose point, as the particles strike an accelerator component a
tiate an electromagnetic shower. As shown in the following sketch, radiation from each diffe
tial element, dl, contributes to the total dose rate at the dose point, P, after passing throug
different shield materials of thickness t1 and t2, respectively:

The dose rate (mrem/h) at the point P from the differential line segment dl for the ith radia
component can be expressed as

(9)

where P is the power lost per m of length (W/m), 3600 s/h converts W to J/h, Fi is the dose con-
stant (mrem/J at 1 m) for the ith radiation component, tj is the straight through thickness of the jt

shield material in g/cm2, λi,j is the attenuation length of the ith radiation component for the

shield material in g/cm2, r(θ) is the distance (m) from the differential line segment to the do
point P, andθ is the angle between the line segment and the dose point. The total dose rate c
bution (mrem/h) at the point P is found by integrating over the length of the line segment:

. (10)

Equations (9) and (10) were used for the evaluation of dose rates on the sides and top of t
nels and also for other loss locations where the angular distribution of dose was of interest.
upon the empirical results obtained during missteering studies at the storage ring of the
(DEC 97), a spill length of 4 m was used in the estimates of dose rates. This assumed spill
was shown to give conservative results by at least a factor of 3 in comparing calculated r
with the measurements.

t1

t2

r
θ

0- x dl

P

dḢi 3600PFi
t j θsin( )λi j,⁄–

exp
i j,
∏ dl

r θ( )2
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tj θsin( )λi j,⁄–
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5.1.1 Beam Spill in the Linac

The general layout of the linac and klystron gallery is shown in Figure 4. See Appendix B fo
location of an rf and laser room at the gun end of the linac. The dose point is taken to be 6 m away
from the beamline in the klystron gallery. If a spill occurs in the LEUTL line, the highest dose
would be expected when the maximum energy of the electron is reached. For this situatio
beam power at the safety envelope will be 1000 W, and the spill loss rate will be 250 W
Assuming a thickness of 0.16 cm for the stainless steel beampipe and 2 m of concrete shi
the dose rate in the gallery would be 27.3 mrem/h. The concrete roof is 30.5 cm thick and co
by a 3-m-thick earth berm to give the shielding equivalent of 2 m of concrete. The entire bermed
region is enclosed by a fence making it an exclusion zone. The dose rate through the roo
spill is 24.3 mrem/h. The dose rate through the bermed side of the linac at the fenceline wo
5 mrem/h.

5.1.2 Beam Spill in the PAR

In leaving the linac, the LEUTL beamline passes directly under a 30.5-cm concrete roof co
with 3.56 m of earth berm. The dose point is above the berm 6.2 m away and the dose rate
the spill duration is 4.3 mrem/h. As the beamline passes through the PAR region (see Figur
spill could occur that would produce a dose rate on the PAR mezzanine or in the synchrotro
parameters for the PAR mezzanine are: distance to dose point, 3.67 m; concrete shield thic
1.075 m; earth shield thickness, 39 cm; and steel thickness, 0.16 cm. For a 4-m spill alon
region, the dose rate is 1.58 rem/h. Further along in the PAR, the line passes under the con
corridor and into the shielding between the PAR and the synchrotron. If a spill occurs in the
long region just before the beam enters the additional shielding (region A in Figure 2), the
point distance is 3.342 m and the shielding is only 1 m of concrete. In this instance, the dos
is 7.34 rem/h in the connecting corridor above. The dose rate in the synchrotron is not releva
this spill since personnel are excluded from the synchrotron tunnel during LEUTL operation

5.1.3 Beam Spill in the Synchrotron

After the beam passes through the shielding wall between the PAR and the synchrotron, it i
upward at an angle of 25 mradians for about 40 m, reaching a height of 2.7 m in the synch
tunnel. At this point the beam is bent back parallel to the original beamline and sent int
alcove (see Figure 3). A spill almost anywhere along this line will produce dose rates in Bui
412 and on the mezzanine area above the synchrotron. The elevation in the line affects th
rate on the mezzanine. With respect to Building 412, the LEUTL line is 3.4 m from the d
point, the shielding is 1.5 m of normal concrete, and the dose rate is 684 mrem/h.

With respect to the mezzanine, the beam reaches the bend point (SV2) in a bermed region
synchrotron tunnel, which is past the end of the mezzanine area. For the highest dose rate
mezzanine area, the beam must spill in the region B of Figure 3, which is a seldom occupied
The average beam height in this region is about 2.3 m, so the distance to the dose point is 2
and the shielding is 1 m ofconcrete. The dose rate for this case is 13.1 rem/h. If the beam spil
14



Figure 4.  Layout of the linac showing 6 m line in the klystron gallery.
15
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a region that is not elevated, the distance to the dose point is 3.343 m and the dose rate
rem/h. Combining these results, the average dose rate for this spill is 10.7 rem/h.

5.1.4 Beam Spill in the LEUTL Tunnel

For a beam spill in the alcove or LEUTL tunnel, the parameters for the south side are: 13.043
the dose point, 6.63 m of earth at beam height, plus 30.5 cm of concrete. The dose rate
µrem/h. For the north side, the distance to the dose point is 9.324 m, the earth berm is 6
thick, and the wall is 30.5 cm of concrete. The dose rate during the spill is 0.52µrem/h. For the
roof, which is within the fenced-in area, the parameters are: 3.874 m to the dose point, 1.15
earth berm, and 38.1 cm of concrete shielding. The dose rate is 5.23 rem/h.

5.2 Dose Rates for Beam Stops

There are four beam stops in the LEUTL system. Two of these, the double stop in the PAR (F
2) and the stop at the end of the LEUTL line in the LEUTL tunnel (Figure 1), are designed to
beam only if a failure occurs. The double stop in the PAR will stop an electron beam being se
through the LEUTL line when it isn’t supposed to be. Similarly, a failure of the permanent ma
in the LEUTL allows electrons to strike a beam stop at the end of the LEUTL instead of the p
cle beam dump. The other two, the booster beam dump and the particle beam dump in the L
tunnel, have been designed to routinely handle the particle beam.

5.2.1 Dose Rates from the PAR Double Stop

The PAR double stop consists of two W stops, each 7.62 cm thick and 10.16 cm on a side
dose estimates were calculated assuming only one stop is in place. Assuming a 1-kW be
700-MeV electrons is inadvertently sent on to the double beam stop, the distribution of dos
with angle relative to the incident direction of the electron beam is shown for the synchrotron
Buildings 411 and 412 in Figure 5. Near the points marked P are shown dose rates (mrem/h
synchrotron at the angle given by the subscript of the P value. The points marked Q show
sponding dose rates in Buildings 411 and 412, again with the subscript indicating the angle
respect to the original direction of the electron beam. Directly above the double stop is the be
area of the PAR-Linac tunnel, and the dose rate above the berm region is 0.18 mrem/h. Us
same parameters for the PAR mezzanine as in section 5.1.2, the dose rate on the PAR me
would be 82.8 mrem/h.

5.2.2 Dose Rates from the Synchrotron Beam Dump

Figure 3 shows the location of the LEUTL beam stop in the synchrotron and the additional
crete blocks in the vicinity of the stop for added shielding ability. The block wall is normal c
crete, 46 cm thick, about 5.5 m in length and 2.29 m high. The stop is 3.86 m from the dose
and the total concrete shielding is 1.96 m thick. The beam stop itself consists of a water-c
aluminum block (15.24 cm× 15.24 cm× 20.32 cm thick), surrounded by lead. On the Buildin
412 side, the shield is 7.62 cm of Al and 20.32 cm of Pb. There is 10.16 cm of Pb on the in
side and bottom of the shield, and 30.48 cm of Pb and 15 cm of polyethylene on the top
beam stop. The highest dose rate in Building 412, through the added concrete blocks,
16



Figure 5.  Dose rate distribution in the synchrotron, Buildings 411 and 412,
from a 1-kW electron beam (700 MeV) striking the double stop.
17
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5.1.1
mrem/h at the safety envelope. The highest dose rate directly above the dump on the sync
mezzanine is 10.7 mrem/h. Additional shielding will need to be added if this region, normal
unoccupied area, will need to be occupied during operation of the LEUTL at or near the s
envelope power. This will be checked by survey measurements at a lower power level and
tional shielding will be added, if appropriate.

5.2.3 Dose Rates for the LEUTL Beam Stops

The particle beam stop in the LEUTL tunnel is located by the north wall of the tunnel (see F
1). It utilizes the bermed and fenced-in area on that side of the tunnel. The particle beam is b
a permanent magnet into the stop. The stop has 20.32 cm of Al and 30.48 cm of Pb in the fo
direction and 7.62 cm of Al and 20.32 cm of Pb in the direction of the end station, backed u
the berm and exclusion fence. At beam height, the thickness of the berm is 6.63 m and th
tance to the dose point is 7.8 m. The dose rate at safety envelope operation is 0.3µrem/h. The
highest dose rate in the end station at safety envelope operation was outside of the maze do
This was 0.9 mrem/h. The dose rates for other points were all negligible.

In case of failure of the electro-magnet to bend the particle beam into the beam stop, the p
beam will proceed into the Pb stop in front of the concrete maze wall. The stop is 25.4 cm× 25.4
cm × 27.94 cm thick. The beam enters the stop through a 5.08 cm× 5.08 cm opening in the Pb
block and strikes the 17.78 cm Pb shield in the forward direction. This shield is backed up b
two concrete maze walls that are each 91.44 cm thick and 2.743 m apart (Figure 1). The a
of Pb on the sides and top of the beam stop of the beam varies from 10.16 cm to 15.24 cm
dose rate in the end station for operation at the safety envelope is 105 mrem/h. The dose ra
side of the north side fence of the tunnel is 0.3 mrem/h, and that outside of the south side fe
0.1 mrem/h.

5.3 Dose Rates for Continuous Loss During Beam Transport

During transport of the beam, a certain amount of beam is lost along the beamline. Collision
gas molecules lead to energy loss which results in particles being lost from the beam and s

the accelerator components. Assuming a constant particle loss of 1× 10-4/m should give a conser-
vative estimate of the expected dose rates during the particular operating conditions. For ea
tem, an infinite line source is assumed that will give an overestimate of the dose rate for
system. An additional conservatism is that no credit is taken for absorption of radiation b
magnets and other components in the beamline. Regardless of the computational resu
actual dose rates will be determined during the commissioning phase and appropriate re
action will be taken for unacceptably high dose rates. For safety envelope operation, the
loss rate along the LEUTL beamline is 0.1 W/m, except in the accelerating portion of the l
where the loss rate is lower.

5.3.1 Continuous Loss in the Linac

The power loss will be variable in the linac since the energy is changing as the particle be
being accelerated. The highest dose rate would occur when the beam has reached its
energy (700 MeV), which is at the end of the linac. Using the same linac parameters as in
18
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and a loss rate of 0.1 W/m, the dose rate in the klystron gallery is 0.018 mrem/h. The dose r
the roof is 0.014 mrem/h, and that on the bermed side of the linac is 0.0057 mrem/h.

5.3.2 Continuous Loss in the PAR

Utilizing the same PAR parameters as in section 5.1.2 and a loss rate of 0.1 W/m, the dose
the PAR mezzanine is 0.81 mrem/h. The dose rate above the bermed area is 3µrem/h, and that in
the connecting corridor is 3.1 mrem/h.

5.3.3 Continuous Loss in the Synchrotron

The parameters for the synchrotron were given in section 5.1.3. The dose rate in Building 4
a 0.1 W/m loss rate is 0.33 mrem/h. The average dose rate on the synchrotron mezzanine
mrem/h.

5.3.4 Continuous Loss in the LEUTL Tunnel

For a loss rate of 0.1 W/m in the LEUTL tunnel, using the parameters of section 5.1.4, the
rates on the north and south sides of the tunnel are negligible. The dose rate on the bermed
3 mrem/h.

5.4 Dose Rates for Loss on Transition Piece of Undulator

At the junction of the LEUTL beamline with an undulator, the chamber gap dimension cha
from about 4 cm to about 1 cm. This is accomplished through a transition piece made out of
sten, containing a machined elliptical cone that has the desired tapered shape. The block is
in a steel box. The tungsten block is about 18 cm in length and from 1.5 to 3.2 cm in thick
(2.4 cm average thickness is used in the calculations). From Table 3, the radiation length (R

W is 6.76 g/cm2, which gives 0.35 cm for a density of 19.3 g/cc. Since the total length of the bl
is about 51 RL, the entire shower could develop in the block if the electron beam strikes the
at a sufficiently shallow angle. To be conservative, it is assumed that 20% of the beam is lo
the transition piece, and the full shower develops in the block. For operation at the LEUTL s
envelope, the power loss on the transition piece is 200 W. The shielding and distance para
for the LEUTL tunnel are as stated in section 5.1.4. The dose rates are: 0.3µrem/h on the south
side of the tunnel, 0.5µrem/h on the north side, and 198 mrem/h on the roof.

5.5 Estimate of Muon Contribution

When the electron energy is above 1 GeV, the production rate of muons may become a pr
but generally only in the forward direction. Muons can be produced as pairs in electromag
interactions and by decay of pions (ICR 78). Muons are initially emitted in a narrow cone with
few units of the characteristic angle given by 105.66/Eµ radians (TSA 74), in which 105.66 MeV
is the rest energy of the muon and Eµ is the muon energy in MeV. Some scattering occurs, but
major attenuation is by energy loss through ionization. So, muons have great penetrating
and require large thicknesses of material to attenuate them. The fluence rate of muons ha
19
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measured by Nelson (NEL 68) and this data can be adapted to dose rates as given in S

(SWA 79a). Using the graph in Swanson to obtain the fluence rate of muons (3.1× 105 µ/cm2s)

for 7.7 GeV e+ and the dose rate constant of 7.23µ/cm2s = 1 mrem/h obtained from ICRP Publi
cation 51 (ICP 87), the unshielded dose rate constant for 7.7 GeV muons was found to b
rem/kWh at 1 m (MOE 94). In the case of the storage ring, the muon dose rate turned out
negligible. Since the dose rate constant for 700 MeV muons is about a factor of 25 less tha
of 7.7 GeV muons, they are not expected to be a problem for LEUTL operations.

6. Dose Rates for Design Performance Goal Operating Mode

As stated in section 2, the Design Performance Goal equates to a beam power of 120 W at
of the linac. To determine dose rates for losses occurring at this power level, the previous r
can be scaled by the factor 120/1000 = 0.12. This will be conservative for the forward-dire
radiation because these dose rates would be higher for a 700-MeV beam than those for
MeV beam.

For a beam spill in the linac, the corresponding dose rates for this operating mode would b
mrem/h in the klystron gallery, 2.9 mrem/h through the roof, and 0.6 mrem/h through the be

side of the linac. The adjusted continuous power loss rate would be 1.2× 10-3 W/m, resulting in
dose rates of 2.2µrem/h in the klystron gallery, 1.7µrem/h on the roof, and 0.7µrem/h on the
bermed side.

Dose rates in the PAR for a spill would scale to: 0.5 mrem/h above the bermed area, 190 m
on the PAR mezzanine, and 881 mrem/h in the connecting corridor. The highest dose ra
beam into the double stop would be 9.9 mrem/h on the PAR mezzanine. The dose rates for c
uous power loss are 0.097 mrem/h on the PAR mezzanine, negligible above the bermed ar
0.37 mrem/h in the connecting corridor.

For spills along the LEUTL line in the synchrotron, the dose rates would range from 82 mrem
Building 412 to 1.57 rem/h on the synchrotron mezzanine. If the beam is sent into the synch
beam dump, the highest dose rate in Building 412 is 0.41 mrem/h and the dose rate on th
chrotron mezzanine is 1.6 mrem/h. In the case of continuous loss, the dose rates are: 12µrem/h in
Building 412 and an average dose rate of 0.6 mrem/h on the synchrotron mezzanine.

The spill dose rates on the north and south sides of the LEUTL tunnel at the fences are neg
for Design Performance Goal operation. The dose rate on the bermed roof that is withi
fenced area is 628 mrem/h. For the particle beam stop, the highest dose rate is 0.1 mrem/h
end station outside of the maze doorway. The highest dose rate in the end station if the p
beam hits the Pb stop at the end of the LEUTL line is 12.6 mrem/h. For the continuous los
nario, the dose rates on the north and south sides of the LEUTL tunnel are negligible. The
rate on the bermed roof is 0.36 mrem/h.
20
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7. Synchrotron Radiation

In general, synchrotron radiation losses are insignificant for linear accelerators (GOD 68).
ever, when electrons or positrons are bent in circular orbits, they radiate intense electroma
radiation (synchrotron radiation) in a highly peaked forward cone of radiation. Also, the alte
ing magnetic fields in an insertion device (ID) produce synchrotron radiation at great intens
bending electrons along a sinusoidal path. In the LEUTL tunnel, synchrotron radiation is em
as the particles go through the test insertion devices. The synchrotron radiation from the ID
ceeds directly forward down the beamline, but can be scattered by any component that it s
Little scattering is expected during transport of the synchrotron radiation. If the energy o
accelerated e- is high enough, some of the synchrotron radiation may escape the steel v
chamber and irradiate the air in the tunnel, potentially causing radioactive and/or noxious ga
duction.

An undulator is an insertion device in which the radiation is concentrated in a number of na
energy bands called the harmonics. These bands represent radiation from different periods
magnet array that interfere constructively (ALS 89). The photon energy (keV) of the nth harm
is given by (SHE 88):

, (11)

where ER is the electron energy (GeV),λ0 is the undulator period (cm), K (called the deflectio
parameter) is a function ofλ0 and the peak magnetic field,θ is the off-axis angle (radians), andγ
= ER/5.11× 10-4. Using parameters for an APS Type-A undulator (λ0 = 3.3 cm, K = 2.464 andθ
= 0), the on-axis energy of the first harmonic for an energy of 700-MeV electrons is about 3
This energy photon will not penetrate the 0.16-cm thickness of the stainless steel vacuum
Even the higher harmonics are not energetic enough to penetrate the vacuum pipe. For ex

the attenuation coefficient for a 1-keV photon in stainless steel is estimated to be 82682/g

(Type 304 SS). Assuming a density of 8 g/cc, the attenuation factor: e-(8268)8(.16)is < 1× 10-99 for
1 keV photons and would be much smaller for E < 1 keV. For this reason, no synchrotron r
tion is expected to penetrate the vacuum chamber.

8. Gas Bremsstrahlung

The interaction of particles with the residual molecules of air in the vacuum chamber prod
bremsstrahlung that can be a problem in the long straight section of the LEUTL. Since
bremsstrahlung radiation is produced in the straight section, the forward-peaked compone
travel along with the synchrotron radiation in the electron beamline. Based upon an EGS4 M
Carlo study and measurements at Frascati and KEK, Tromba and Rindi (TRO 90) have dev
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a semi-empirical expression for estimating dose rates from these bremsstrahlung photon
total estimated dose rate at 10 m from the end of a straight section can be computed from:

 , (12)

where the electron energy E is in MeV, the pressure P is in mm, the circulating current I is in-/s,
and the length of the straight L is in m. The above can be extended to other distances for r >
for pointsinside the radiation cone by using:

, (13)

where r (m) is the distance from the center of the straight section to the dose point.

Evaluation of the gas bremsstrahlung for the LEUTL was performed to estimate the dos
from this component. The longest straight section in the LEUTL is 56 m. The pressure

assumed to be 10-7 mm, the electron current is 8.93× 1012 e-/s, and the estimated dose rate at 1
m from the end of the straight is 8.5 mrem/h. This amount of radiation is easily absorbed b
Pb stop at the end of the LEUTL tunnel.

9. X Rays from rf Cavities

The LEUTL system uses the rf cavities and SLEDs that are provided for the linac. These
checked out during linac commissioning and any undesirable radiation from these units ha
appropriately mitigated with added shielding.

10. LEUTL System Accidental Losses

A number of potential incidents in the LEUTL system and the dose rate consequences hav
addressed already. For these incidents, the safety shutdown mechanisms are assumed to
properly and produce a shutdown in a brief period (generally, one or two pulses). The res
doses are then either negligible or on the order of a fewµrems. In the maximum credible inciden
(MCI), the sequence of events is such that the incident continues for an unspecified amo
time. In this case, the total dose will be dependent on the duration of the incident. Previous
lations have expressed the MCI consequences as the dose rate, giving an implied dose for
dent of 1 hour duration. As stated in the APS Final SAD (APS 96), the APS dose not expec
loss scenario to last longer than 20 minutes. The discussion of the MCI for the LEUTL sy
and its dose rate consequences can be found in Appendix A.

Ḣ rem h⁄[ ]10m 1.7 10
14–× E

2.43 P
760
---------IL=
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10.1 Accidental Beam Spill

The case of a 4-m-long spill along the LEUTL line, at the safety envelope power, has bee
cussed in sections 5.1.1 to 5.1.4. The dose rates ranged from 8µrem/h to 13.1 rem/h. Based upo
a shutdown within two pulses, the total dose ranges from negligible to 0.15 mrem.

10.2 Total Beam Loss at Beam Stops

Sections 5.2.1 to 5.2.3 discuss the loss of the beam at various beam stops in the system. T
rates ranged from 5µrem/h to 105 mrem/h. For a shutdown within two pulses, the total d
ranges from negligible to 1.3µrem.

10.3 Total Beam Loss at a Transition Piece

In section 5.4, the case of a 20% beam loss on the transition piece of the undulator syste
discussed. By scaling those results for a 100% loss, the dose rates become: 1.5µrem/h on the
south side of the tunnel, 2.5µrem/h on the north side, and 990 mrem/h on the bermed roof.
total dose ranges from negligible for the side doses to 12µrem on the roof for a shutdown within
two pulses.

10.4 Total Beam Loss at Magnet SV2

For this incident to occur, the magnet SV1 must be on while magnet SV2 fails (see Figu
Then the beam in the LEUTL line will be bent upward and sent through the synchrotron bu
not be bent by SV2, and the beam will hit the magnet coils. This magnet is located unde
bermed part of the synchrotron tunnel. For the dose rate directly above (~π/2 radians), the dose
point distance is 3.4 m, and the shielding is 0.381 m of concrete and 1.676 m of compacted
The dose rate is 716 mrem/h. For a shutdown after two pulses, the total dose is 8.4µrem. Since
the upward angle the beamline makes with the horizontal is 25 mradians, the slant pene

through the above-mentioned shields is greatly increased so that the dose rate in the 00 direction is
negligible. To protect potential occupants of the LEUTL tunnel, a 7.62-cm-thick W stop is pla
in the beamline after the bending magnet. The nearest dose point in the LEUTL tunnel is
10.5 m from the SV2 magnet. Radiation from the magnet must pass through the 30.48-cm
crete wall of the synchrotron at an angle of about 0.185 radians and the 1.219 m concrete w
the LEUTL (see Figure 1, region C). In addition, radiation coming down the LEUTL beampip
attenuated by the W stop. The average dose rate 30 cm from the east concrete wall in the L
is 131 mrem/h. The total dose resulting from two pulses is 1.5µrem.

10.5 Total Beam Loss at Magnet SV1

In this incident, the beam is being delivered to the LEUTL but the magnet SV1 fails (see D in
ure 3) so that the beam is not bent upwards but continues forward into a 15.24-cm Pb stop
stop also has 15.24 cm of Pb on the Building 412 side. In Figure 3, the stop is in about the
location as the indicated beam stop and still within the region covered by the concrete block
dose point in Building 412 is 3.86 m from the stop and is shielded by 15.24 cm of Pb and 1.
of concrete. On the mezzanine, the dose point is 3.433 m away and is shielded by 10.16 cm
23
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and 1 m of concrete. In the forward direction, the dose point in the LEUTL tunnel is about 4
away and is shielded by 15.24 cm of Pb and 2.82 m of concrete. For operation at the safety
lope, the corresponding dose rates are 4.6 mrem/h, 503 mrem/h, and 1µrem/h, respectively.

11. Skyshine Dose Estimates

There will be some skyshine radiation, produced during LEUTL operations, that penetrates
the side and roof of the shielding. Because the upward radiation goes through increased thi
as it slants through the side and roof of the shield, the simplifying assumption has been mad
the effective thickness can be used in place of the actual thickness. Other assumptions are t
of the radiation goes up and half goes down (solid angle = 2π) and that the closest dose point a
the nearest site boundary is ~ 400 m away from the linac and PAR, 450 m away from the syn

tron, and 470 m away from the LEUTL tunnel. The power loss of 1× 10-4/m was used along the
line to estimate the skyshine contribution for normal operation. All of this power is assumed
lost to neutron production. Additional contributions are due to losses at the beam dumps and
transition zone of the undulator system. In the LEUTL tunnel, the assumed losses on the tran
piece (100 W) and in the particle beam dump (400 W) dominate the neutron production, wh
the loss along the beamline is 2.8 W. In the synchrotron, the loss in the beam dump (5
assumed to be 1000 W for 0.05 operation time) also dominates the neutron production. Th
along the line is 2.3 W. For all of these loss sites, all of the power is also assumed to go into

tron production. The loss rate for the PAR is taken as 15 m× 1 × 10-4/m = 1.5 × 10-3(1000
W)(0.5)= 0.75 W. The factor 0.5 corrects for the total operating time of the LEUTL system ta
as 50% of the APS operating time, except for the beam dump in the synchrotron. For the lina

loss rate is 200(1× 10-4)1000(0.5) = 10 W.

11.1 GRN Component

The source term for the upward-directed GRN component (utilizing Equation (3)) is given b

Q'GRN = 1/2 (1.21× 108 (Z)0.66 )(n/J) W (J/s) = 6.05× 107 WZ0.66 n/s

into the upper hemisphere, where W is the power lost and the assumption is made that the c
nent/stop is the major source of neutron production. For the particle beam dump, Q'GRN is 4.44×
1011 n/s; for the transition region, Q'GRN is 1.04× 1011 n/s; and for the loss along the line, Q'GRN

is 1.45× 109 n/s for operation at the safety envelope. In the synchrotron, Q'GRN is 5.54× 1010 n/s

for the beam stop and 1.19× 109 for the line contribution. The contributions from the PAR an

linac are 3.9× 108 n/s and 5.2× 109 n/s, respectively. The unattenuated neutrons that eme
through the roof and sides of the LEUTL tunnel are given by

QGRN = Q'GRN e-11.35(23)/161 e-2.35(37.6)/40 e-1.9(142.2)/33 (14)

= 2.68× 106 n/s, for the particle beam dump,
24
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QGRN = Q'GRN e-18(2.4)/161 e-1(7.87)/100 e-88.36/40e-270.18/33

= 2.25× 106 n/s, for the transition region, and

QGRN = Q'GRN e-0.25(7.87)/100e-88.36/40e-270.18/33

= 4.34× 104 n/s,

giving a total emission of 4.97× 106 n/s, prorated for time of operation. The computation abo
assumes that the particle beam dump is shielded by effective thicknesses of 23 cm of Pb, 3
of concrete, and 1.422 m of earth in the upward direction. The transition piece is shielded b
cm of W, 1 cm of Fe, 37.6 cm of concrete, and 1.422 m of earth berm in the upward direction
rest of the beamline is shielded (effectively) by 0.25 cm of Fe, 37.6 cm of concrete, and 1.4
of earth in the upward direction.

The skyshine dose equivalent rate at 470 m away can be estimated from the modified expr
(Equation 8.6.3 of MOE 91):

, (15)

where a andλ are constants, Q is the source strength (n/s), and r is the distance to the dose p
cm. Values of the constants a andλ quoted from measurements at DESY by Rindi and Thom

(RIN 75) were used in the estimate. The values chosen (a = 7 andλ = 3.3× 104 cm) give the larg-
est fluence rate (most conservative) values for the DESY measurements. On the basis of 40
exposure, the total annual GRN dose would be 0.17 mrem at the nearest site boundary, a
mately 470 m away from the LEUTL tunnel. To this must be added the contributions from
synchrotron, PAR, and linac. Using the same methodology as above, the total annual GRN
contributions from the synchrotron, PAR, and linac are 1.87 mrem, 27µrem, and 11µrem, respec-
tively. This indicates a total annual dose from the GRN component of 2.08 mrem.

11.2 MEN Component

For 700-MeV electrons, the dose factors for the MEN component at 90° adapted from (CER 84),

are 2.65× 10-2 mrem/J at 1 m for steel or copper and 1.59× 10- 2 mrem/J at 1m for Pb or W.

Using an average value of 4.4× 10-8 rem/n/cm2 for neutrons between 25-100 MeV, obtained fro

ICRP 51 (ICP 87), results in an estimated MEN neutron yield of 9.82× 107 n/J in Fe and Cu and

5.89× 107 n/J in Pb or W. The source terms (Q'MEN) for the upward-directed MEN componen

are given by the neutron yield multiplied by the power lost—1.18× 1010 n/s for the LEUTL

particle beam dump, 2.95× 109 n/s for the transition piece, and 1.37× 108 n/s for the beamline—
for neutrons directed into the upper atmosphere for operation at the safety envelope. Corre
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ing values of upward-directed MEN neutrons for the synchrotron, PAR, and linac are 2.00× 107

n/s, 5.76× 105 n/s, and 8.78× 105 n/s, respectively. The unattenuated neutrons that eme

through the LEUTL roof are QMEN = 5.1 × 106 n/s. The skyshine dose equivalent rate at 470
away can be estimated from Equation (15) with QMEN replacing QGRN:

 = 4.42× 10-5 mrem/h.

On the basis of 4000 h of exposure, the total annual MEN dose would be 0.18 mrem at the n
site boundary. The annual contributions from the synchrotron, PAR, and linac are 0.80 mre
µrem, and 52µrem, respectively. The total annual dose for the MEN component is 1.066 mr

11.3 HEN Component

For 700-MeV electrons, the dose factors for the HEN component at 90o, adapted from (CER 84),

are 2.48× 10-3 mrem/J at 1 m for Fe and Cu and 1.49× 10-3 mrem/J at 1m for Pb and W. Using a

average value of 1.0× 10-7 rem/n/cm2 for neutrons between 100-7700 MeV, adapted from ICR

51 (ICP 87), results in an estimated HEN neutron yield of 6.47× 106 n/J in Fe and Cu and

3.88×106 n/J in Al. The source terms (Q'HEN) for the upward-directed HEN component are give

by the neutron yield multiplied by the power lost—7.78× 108 n/s for the particle beam

dump, 1.94× 108 for the transition piece, and 9.07× 106 n/s the beamline—for neutrons directe
into the upper atmosphere at safety envelope operation. The unattenuated neutrons that

through the roof are QHEN = 4.33× 106 n/s. The skyshine dose equivalent rate at 470 m away
be estimated from Equation (15) with QHEN replacing QGRN:

 = 3.75× 10-5 mrem/h.

On the basis of 4000 h of exposure, the total HEN dose would be 0.15 mrem at the site bou

The unattenuated HEN that emerge from the synchrotron, PAR, and linac are 2.73× 106 n/s, 2.32

× 105 n/s, and 9.07× 105 n/s, respectively. These components contribute 0.11 mrem, 14µrem, and
54 µrem, respectively, to the annual HEN dose, resulting in a total of 0.33 mrem from the H
component.

The estimated total annual dose equivalent from neutron skyshine is computed to be 3.48 m
the nearest site boundary. Previous estimates of the contribution to the skyshine dose o
ward-directed, scattered bremsstrahlung radiation from the linac test stand (LTS), indicate
component to be negligible. Since the roof on the LEUTL system is more than 1 m thick
attenuation of radiation by the LEUTL should be comparable to the LTS and the scat
bremsstrahlung from the LEUTL should also be negligible.

ḢMEN

1 2⁄

ḢHEN
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12. Dir ect Radiation at the Site Boundary

Because the LEUTL is located in the infield of the APS, it is entirely surrounded by the APS
age ring. Any direct radiation from the components of the LEUTL must travel 400 to 470 m to
nearest dose point, in addition to the 160 cm of concrete-equivalent shielding on the storag
tunnel. The attenuation factor for the concrete is about 2000, so all direct radiation contribu
from components in the infield are essentially negligible (< 1µrem).

13. Radioactive and Noxious Gas Emissions

Sources of radioactive and noxious gases found in the air of the LEUTL tunnel system resul
loss of particles in the components of the system and escape of bremsstrahlung radiation fr
components or from beam stops. As previously discussed, electron absorption resu
bremsstrahlung formation and the interaction of this component with air results in the produ
of a number of radioactive products, primarily through the photonuclear reaction (γ,n) (CER 84).
Of the many possible radionuclides formed, only three (C-11, N-13, and O-15) are of impor
in the operation of the APS. Of these three radionuclides, N-13 makes up about 90% of the
centration found in air (SWA 79a). One other potential radionuclide, Ar-41, is formed by the
neutron capture in argon. Since this is a second-order reaction (requiring slowing down of th
neutrons created by the bremsstrahlung and capture by argon, which is < 1% abundant in a
production of this component will be negligible. Irradiation of air by photon radiation below
threshold for neutron production (6-20 MeV in most materials) results in the production of o
and oxides of nitrogen (SWA 79a). The products ozone (O3), nitrogen dioxide (NO2), and nitric
acid (HNO3) are the most prominent components formed.

13.1 Radioactive Gas Formation

The mechanism for formation of radionuclides in air is the photoneutron interaction
bremsstrahlung with air nuclei (SWA 79a). The (γ,n) threshold for air is 10.55 MeV for the forma
tion of N-13, and 15.67 MeV for O-15. In addition, some C-11 is formed by photon spallatio
both nitrogen and oxygen. Using the neutron yield expression given by Equation (3) and the
tive Z of 7.26, according to Schaeffer (SCH 73), the neutron yield Y in air is

Y = 1.21× 108 Z0.66 (n/J) = 4.5× 108 (n/J).

Implicit in the release of the neutron is the formation of an unstable nucleus, which may be r
active. We assume the yield of neutrons is also the yield of radionuclides. The yield of MEN
HEN neutrons increases the total neutron yield by about 15%, but ignoring their contrib
should not make a significant difference in the yield of radionuclides.

The change in the number of radioactive atoms present per unit time, dN/dt, is

dN/dt = WfY(1 - e-x/λ) - (λR + k FR/V)N  atoms/s, (16)
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where W (watts) is the particle beam power loss; f is the fraction of particle energy that con
to bremsstrahlung and escapes into air; x is the average air path in m, estimated to be 3.5 m
LEUTL tunnel;λ is the attenuation length in air for bremsstrahlung in m (385 m as suggeste

CER 84);λR is the radioactive decay constant of the radionuclide that is formed, s-1; k is a factor
to account for imperfect mixing of the radionuclide in air (assumed to be 1/10); V is the volum

the region being ventilated (m3); and FR is the ventilation flow rate (m3/s). For initial conditions
N = 0 for t = 0, the solution is

(17)

and the activity is A =λR N, so that

 (dis/s) (18)

Since the radionuclides that are formed all have short half lives (< 20.5 min.), saturati
achieved quickly so that the activity at saturation becomes

  (dis/s), (19)

where the decay constantλR (s-1) is for N-13 (half life ~10 min), which is the most abundant rad
onuclide formed. The equilibrium concentration is then obtained from

  (µCi/cc) (20)

where V is the volume of the LEUTL component being evacuated. Combining Equations (19
(20), the concentration is given by

. (21)

kFR/V is 4.23× 10-5 s-1 for the LEUTL tunnel. FR is 450 cfm and V is 5.02× 108 cm3. Details of
the methodology used to estimate f for the different components are given in Appendix B of
94. Of the components that may contribute to radiogas formation—particle beam dump, the
sition piece, and the LEUTL beamline—the fraction of energy escaping (f), modified for the

tion of operating time, is negligible for the particle beam dump; 6.5× 10-3 for the transition piece,

N
Wfy 1 e

x λ⁄–
–( ) 1 e

λR kFR V⁄+( )t–
–( )

λR kFR V⁄+
---------------------------------------------------------------------------------------=

A
λRWfY 1 e

x λ⁄–
–( ) 1 e

λR kFR V⁄+( )t–
–( )
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x λ⁄–
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and 5× 10-2 for the beamline losses. Using appropriate values for W and f for each of the con
uting components, the total equilibrium concentration in the tunnel is

C= 3.4× 10-7 µCi/cc.

This concentration is a factor of about 12 lower than the DAC (Derived Air Concentration)

occupational exposure: 4× 10-6 µCi/cc in 10CFR835 (CFR 94). Once the operation is shut dow
this concentration will rapidly decrease due to both radioactive decay and the ventilation
Similar computations for the synchrotron, PAR, and linac yielded equilibrium concentration

1.65× 10-8 µCi/cc, 5.67× 10-9 µCi/cc, and 5.72× 10 -8 µCi/cc, respectively. These are all we
below the DAC.

13.2 Noxious Gas Formation

The basis of the formation of ozone (O3) and other noxious gases (nitrogen oxides) in air is ph
ton irradiation of the air molecules (CER 84), causing dissociation of oxygen molecules and
ing to an active free atom of oxygen attaching to an oxygen molecule. Ozone also react
other materials formed in air, such as nitrogen oxide, to form nitrogen dioxide (NO2), that reacts
with water vapor in air to form nitric acid (HNO3). The radiolytic yield of these products is
expressed by the quantity, G, which is the number of molecules formed per unit energy abs
These values are usually given as molecules per 100 eV absorbed. Because of its low Thr
Limit Value (TLV) of 0.05 parts per million (ppm) for occupational exposure conditions (8 h
day, 40 h per week) for heavy work conditions (ACG 96), ozone is the most important nox
product. Ozone is also chemically active and decomposes spontaneously with a chemical h
of about 50 min.

The TLV values for NO2 and HNO3 are much higher at 3 and 2 ppm, respectively, than that
ozone. Estimates of the production of O3, NO2, and HNO3 are based upon G values of 10, 4.
and 1.5, respectively (SWA 79a, CER 84). Adapting the expression from Goebel (CER 81
change in the number of ozone atoms present per s, dN/dt, is

dN/dt = PG -αN - (KP/V)N - (FR/kV)N, (22)

where

P = power absorbed in air, eV/s
FR = ventilation rate, cc/s
V = volume irradiated, cc
k = constant that accounts for imperfect mixing = 10

α = chemical decay constant = 2.31× 10-4/s
K = constant expressing the destructive effect of radiation on ozone molecules = negl

for low bremsstrahlung intensity
G = chemical yield, the number of ozone molecules formed per eV = 0.1 mol/eV.
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The solution for initial conditions N = 0 when t = 0 is

. (23)

Since the TLV is given in ppm, it is desirable to express the number of ozone molecules in
of that unit, and

. (24)

The power absorbed, P, for the case of bremsstrahlung resulting from loss of particles m
expressed as

    P = (Wfx/λ)(6.25× 1018 eV/J)  (eV/s), (25)

where W (watts) is the particle beam power loss, f is the fraction of particle energy that con
to bremsstrahlung and escapes into air (details of the methodology for the estimation of
given in Appendix B of MOE 94), x is the average air path in m (3.5 m for the LEUTL tunn
andλ is the attenuation length in air for bremsstrahlung in m (385 m). Combining Equations
(24), and (25), and noting that the term involving K is negligible for the low intensity
bremsstrahlung from the components, one arrives at theequilibrium concentration of ozone in the
LEUTL tunnel:

. (26)

Substituting values for the parameters in Equation (26) gives

contributed by bremsstrahlung. The composite concentration is 2.7× 10-3 ppm, which is well
below the TLV of 0.05 ppm. The total estimated annual release of noxious products d
bremsstrahlung would be 32 g of O3,15 g of NO2, and 5 g of HNO3 for the LEUTL tunnel based
upon scaling the ozone production by the ratio of G values for the other components. The
annual contributions due to bremsstrahlung from the synchrotron, PAR, and linac are 97 g3,
47 g of NO2, and 15 g of HNO3, respectively. The equilibrium concentrations of ozone in the
components ranged from 280-2800 times lower than the TLV.
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---------------------------------------------------------------------------------------------------------------------------------=
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With respect to noxious gas formed by escaping synchrotron radiation, an estimate of the c
bution was made by Moe (MOE 91) for the storage ring. Adapting Equation 10.3.4.6 from
report to the case of the equilibrium concentration of ozone in the LEUTL tunnel gives

, (27)

where P was based upon a circulating current of 100 mA and a different value of FR/kV was
at that time. The quantity P is the total absorbed power rate in air from the escaping synch
radiation. The analysis in section 7 showed that no synchrotron radiation is expected to pen
through the stainless steel vacuum tube so the contribution from this source would be negl
So, the estimated total annual releases of O3, NO2, and HNO3 are as given above for the
bremsstrahlung component.

14. Activation of Beam Stop Materials and LEUTL Components

As discussed earlier, the photoneutron interaction of bremsstrahlung with the nuclei of ma
leads to the formation of radioactive products in the air. This same interaction produces the
portion of activated components in the LEUTL materials. The particular radionuclides tha
produced will depend upon the (γ,n), (γ,2n), and photospallation cross sections for the vario
materials that are present in these components. The radioactive materials that are formed

range of half lives from seconds to more than 105 years (SWA 79a). The intensity of these radio
active products at some time following a shutdown is a function of the composition and amou
a given material present, the reaction cross section, and the radioactive product half life
materials of interest for the LEUTL operation are aluminum, iron (in steel), copper, lead,
tungsten. Pb is used as shielding for the beam stops in the synchrotron and LEUTL tunnels

other locations along the line. The e+ beam vacuum chamber is stainless steel, tungsten is in
ID transition piece, and iron is in the magnets. Radioactivity builds up during system opera
and at shutdown there is initial rapid decay of the shorter-lived materials, then a slower dec
intermediate half life materials, leaving only the residual longer-lived components. At the tim
decommissioning, only the longer-lived components remain. For daily operation of the fac
the short-lived material is important because this activity in the LEUTL system components
be the source of an elevated radiation field that may limit access time to the area.

14.1 Residual Radioactivity Estimates

An estimate of the activity of a radionuclide formed by (γ,n) reactions in a particular material ca
be obtained from Equation (3), modified to account for the abundance of the particular targe
tope of a given element that becomes activated. We again assume that the yield of neutrons
the yield of radionuclide atoms. This may be expressed as

Y' = FY = 1.21× 108 FZ0.66 (atoms/sW), (28)

CO3

4.06 10
15–

P×
V α FR 10V⁄+( )
------------------------------------------=
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where F is the fractional abundance of the isotope and Z is the atomic number of the eleme
example, copper activation (Z = 29) is the result of activation of Cu-63 (F = 0.691) and Cu-6
= 0.309), leading to a number of radionuclides: Co-58, Co-58m, Co- 60, Ni-63, Cu-61, Cu
and Cu-64 (SWA 79a). Most of these radionuclides have half lives of minutes to hours so
decay away quickly and do not contribute to residual radioactivity. But these radionuclide
important for short-term irradiations.

The change in the number of radioactive atoms present per unit time, dN/dt, is given by

dN/dt = WfY'- λRN   (atoms/s), (29)

where W (watts) is the particle beam loss, f is the fraction of particle energy converte
bremsstrahlung and absorbed in the activated material (taken as 0.5 if no calculated value is

able), andλR is the radioactive decay constant of the radionuclide produced, s-1. For the initial
conditions, N = 0 for t = 0, the solution is

 (atoms),

and since the activity A = λRN, the activity in units of millicuries (mCi) becomes

. (30)

The product WfY' is the production rate of radionuclides of a given half life for (γ,n) reactions.
Similar expressions may be developed for the production rates of radionuclides of a certai
life for (γ,2n) and photospallation reactions, given the yield values.

The realization of saturation activity for all radioactive products is more complicated than in
case of air activation, which contains only short half-life positron emitters (half lives≤ 21 min).
One may assume that saturation is approximately reached when the operation time is a
times the half life of the radionuclide being formed. The saturation activity, AS, is then

  (mCi). (31)

For each of the potential activated materials, Swanson (SWA 79a) has prepared tables list
saturation activities of the (γ,n), (γ,2n), and photospallation products. These are in Tab
XXIb-XXVIIb, which contain information about the saturation activity (Ci/kW) of a given radi
nuclide and the exposure rate at 1 meter from the material of saturation activity, uncorrect
self-absorption.

N
WfY ′

λR
-------------- 1 e

λRt–
–( )=

A WfY ′ 1 e
λ– Rt

–( ) dis s⁄( ) WfY ′
3.7 10
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---------------------- 1 e

λRt–
–( ) mCi( )= =

As
WfY ′
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The data in the these tables has been used to estimate the expected radiation fields follow
tain operation times, the residual field at later times, and the importance of the residual rad
field for continued daily operation. The results are discussed in this section. Results for
other materials are discussed by Moe (MOE 93a-93c, 94).

14.1.1 Aluminum

The synchrotron beam stop is made of aluminum, lead, and polyethylene. Irradiation of the a
num can produce these activities: C-11, N-13, O-15, Ne-24, Al-25, AL-26m with half li
between 6.37 s and 20.5 min, and F-18 with a half life of 110 min. For estimating aluminum
vation during LEUTL operations, it is assumed that 1000 W is the power lost locally in the b
stop, 100% in the aluminum. Although the loss will be distributed throughout the aluminum
assumption is made that a point loss occurs in order to get a conservative estimate of the
mum possible radiation dose rate. Operation for 1 h results in approximate saturation for al
onuclides except F-18. The estimated combined exposure rate at 1 m is 2.7R/hkW, which gives
2.7 R/h at 1 m (28.9 R/h at 1 ft), immediately after shutdown. The major contribution is f
Al-26m (T1/2 = 6.37 s) so that, after a minute or so, the residual reading should be < 120 mR
1 m. Operation for 8 h will cause this residual radiation field to slightly build up due to F-18
the residual radiation field in this material is not important (only small activities of F-18 wit
half life of 110 min are produced during prolonged operation).

Using information from Swanson (SWA 79a) on the saturation activity of aluminum activa
products, the long-term residual activities of Na-22 and Al-26 in the LEUTL system are estim
to be about 110 mCi and 112µCi, respectively.

14.1.2 Copper

As mentioned in section 14.1, activated copper consists of several radionuclides that includ
lives from about 10 min to nearly 100 years. Relevant activities that may contribute to the res
radioactivity in the system are Co-60 (half life = 5.27 y) and Ni-63 (half life = 92 y). Estimate
the activities of these radionuclides at time of shutdown of the APS are contained in APS-LS
Revised. These estimates assume operation of the storage ring over many years at 7 GeV
mA of circulating current in order that a build-up of activity will occur. For short operation ti
and lower power, only a negligible amount of activity will be formed.

For the purpose of estimating copper activation during LEUTL operations, it is assumed
100% of the power is lost locally in the material. The assumption is made that a point loss o
in order to get a conservative estimate of the radiation field. Operation for 1 h with a copper
absorber results in about 97% of the radiation field being produced by Cu-62 (half life 9.76
Other products include Co-58m, Cu-61, and Cu-64. The estimated exposure rate immed
after shutdown fora 1 h run is 4.56 R/h at 1 m for 1 kW operation. After 1.5 h, the field is ab
100 mR/h at 1 m, only 7% from Cu-62. For an 8-h run, the estimated field would be 5.12 R/h
m; down to 120 mR/h after 1.5 h decay. The radiation field is then mainly from Cu-61 (half li
3.32 h) and Cu-64 (half life = 12.8 h). For an 8-h run followed by a 16-h cool down, the estim
radiation field would be about 120 mR/h at 1 m from Cu-64 activity alone. Daily operation at th
safety envelope for 8 h will cause this residual radiation field to build up slightly. The resi
33
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radiation field is important for copper, since time for maintenance of the equipment very nea
activated copper may need to be limited.

Using information from Swanson (SWA 79a) on the saturation activity of copper activation p
ucts, the long-term residual activity of Co-60 in the LEUTL system is estimated to be abou
mCi.

14.1.3 Iron

Continuous operation for 1 h with an iron absorber results in about 90% of the saturation expo
rate. The main activities are Mn-52m, Mn-56, Fe-52, and Fe-53. The estimated com

exposure rate, based upon a loss rate of 1× 10-4/m of beamline (0.1 W/m and assuming a poi
loss), at 1 m is about 30 mR/h, contributed mainly by Mn-52m (half life = 21.1 min) and Fe
(half life = 8.51 min). After about 1.5 h, the exposure rate should be about 23µR/h at 1 m. For 8 h
operation, Mn-56 (half life = 2.576 h) and Fe-52 (half life = 8.2 h) will build up enough to mak
slight contribution initially, ~ 170µR/h at 1 m after 1.5 h, and about the same after 16
cooldown. The residual radiation field is only slightly important in the case of steel in the be
line and magnets.

Using information from Swanson (SWA 79a) on the saturation activity of iron activation produ
the long-term residual activities of Mn-54 and Sc-46 in the LEUTL system are estimated
about 9 mCi and 3 mCi, respectively.

14.1.4 Lead

Using lead (provided it is free of antimony) as a stop material will result in the activation of th
products: Tl-206, Tl-207m, Tl -207, Pb-202m, Pb-203m, and Pb-204m. The estimated exp
rate at 1 m is 0.636 R/hkW (not corrected for self-shielding) immediately after 1 h of operatio
the safety limit of the LEUTL. The radiation field after 1.5 h would still be about 60 mR/h at 1
but would be negligible by the next day. For 8 h operation, the estimated initial radiation
would increase to 815 mR/h at 1 m, down to 77 mR/h after 1.5 h decay, and negligible the
day. Pb-204m (half life = 67 min) accounts for most of the radiation field after a few minutes.
residual radioactivity is only slightly important for this material.

Using information from Swanson (SWA 79a) on the saturation activity of lead activation p
ucts, the long-term residual activity of Tl-204 in the LEUTL system is estimated to be abou
mCi.

14.1.5 Tungsten

The transition piece material is essentially tungsten (Z=74), which has four isotopes that c
activated: W-182 (F=0.264), W-183 (F=0.144), W-184 (F=0.306) and W-186 (F=0.284). O
W-182 and W-183 contribute relatively long-lived radionuclides (W-181 of half life = 140 d a
Ta-182 of half life 115.1 d) that would constitute residual radioactivity after prolonged opera
The transition piece is assumed to intercept 20% of the LEUTL beam during normal opera
for calculational purposes. For a tungsten stop, 1 h operation would produce the activ
34
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Ta-180m, Ta-182m, Ta-184, Ta-185, W-183m, and W-185m. The estimated exposure rate
is 70 mR/h for 1000 W operation for 1 h, mainly from W-183m (half life = 5.3 s) and W-18
(half life = 1.62 min). After 1.5 h decay, the estimated field would be about 4 mR/h at 1 m.
short-term residual radiation field is not too important for this material, since most of the ac
decays away in 1 day.

Using information from Swanson (SWA 79a) on the saturation activity of tungsten activa
products, the long-term residual activities of W-181 and Ta-182 in the LEUTL system are
mated to be about 890 mCI and 36 mCi, respectively.

15. Radioactivation of Cooling Water

Activation of water for cooling the magnets in the system may be estimated in a manner sim
that for radioactivation in air. The primary reactions leading to activation products in wate
bremsstrahlung reactions in O-16. Table XXXIIb of (SWA 79a) gives the saturation activitie
photoactivation products formed in O-16. The table is based upon 100% energy absorption
cooling water; whereas, a more acceptable estimate is that less than 10% of the energy
absorbed in the cooling water. This is more reasonable since a fraction of the energy lost (as
to be ~ 0.5) will be absorbed in the accelerator components, and a fraction of the rema
energy that escapes into the tunnel is absorbed in air, while some energy will be absorbed
steel of the magnets or in shielding before reaching the cooling channels.

The most important of the radionuclides produced is O-15. Other products that are formed in
C-11 (4.4% of the O-15 production), H-3 (at saturation, 2.2% of the O-15 production), N
(about 1% of the O-15 production), and Be-7 (0.44% of the O-15 production). The produ
(yield) of O-15 may be estimated from Equation (28), using an effective Z of 3.34 for wa
according to Schaeffer (SCH 73) and assuming that the O-16 abundance is 100%:

Y' = 1.21× 108(1)(3.34)0.66 = 2.68× 108 atoms/Ws.

Because the half life of O-15 is only 2.05 min, it will reach equilibrium (saturation) rapidly. T
saturation activity under static conditions will be given by modified Equation (31), in which f,
fraction of energy absorbed, is the operational time weighted fraction as used previously:

  (mCi), (32)

where x is the average path length through the water channel in m (assumed = 0.02 m), aλ is
the average attenuation length in m (taken as 0.5 m for x rays that penetrate to the water cha
Supplying values for the parameters in the equation, one arrives at

A = 0.384 Wf   (mCi). (33)

A WfY ′ 1 e
x λ⁄–

–( )
3.7 10

7×
-----------------------------------------=
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For purposes of this estimate, the assumption is that W = 800 watts on the particle beam
200 W on the transition piece, and 5.6 W lost in the beamline, so that the maximum satu
activity A is computed. This assumes that all energy lost in the vacuum chamber, the tran
piece, and at the septum contribute to activation and the irradiated water is near the reg
which the energy loss occurs. Since the f parameter differs for each loss site, the total a
obtained by Equation (33) must be summed over the three components in the LEUTL tunn

. (34)

In a closed, circulating coolant system, the build-up of a radionuclide may be estimated fro
following modified expression from Stapleton (STA 89):

dN/dt = A -λRN - FRN/V + f'FRN/V = A - [λR + FR(1-f')/V]N, (35)

whereλR is the radioactive decay constant, FR/V is the water turnover rate (the water flow ra
divided by the irradiated volume V), and f' is the fraction of the radioactivity remaining afte

complete circuit of the closed system ( , whereτ is the circuit transit time). The solu-
tion of the above, for N = 0 when t = 0, is

(36)

and the activity, Act, is

 . (37)

For an assumed transit time of 10 min and a turnover rate of 0.08 min-1, using the previous power
loss W for each of the components to estimate the radioactivation and assuming saturation
tions for the shorter-lived radionuclides, the estimated total saturation activities of the va
radionuclides formed in water can be computed. Based upon 8 h ofoperation, equilibrium will be
reached for all but Be-7 and H-3. The resulting activities of the components would be: 0.339

of O-15, 2.6× 10-3 mCi of C-11, 1.09× 10-2 mCi of N-13, 4.4× 10-6 mCi of Be-7 and 2.7× 10-7

mCi of H-3 in the LEUTL tunnel. In addition, the synchrotron, PAR, and linac total activatio

are 11.176 mCi, 1.7× 10-2 mCi, and 0.226 mCi, respectively. Any release into the air of the rad
active gases O-15, N-13, C-11 as carbon dioxide and/or H-3 as water vapor will not cont
significantly to any on-site or off-site doses.

ATotal 0.284 Wif i
i 1=

3

∑=

f ′ e
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=
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A
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If some of the water is accidentally discharged from the assumed 250,000 gallon closed s
the estimated composite release concentration, , in the discharge would be:

.

This concentration is below the discharge limits in DOE Order 5400.5 (DOE 90) for anyone of
the radionuclides in the composite.

Additional water systems in the LEUTL system tunnel (such as the sprinkler system) are lo
over a meter away from the beam orbit. The radiation fields at these locations should be a
four orders of magnitude less than those at the cooling water so negligible activation of thes
tems is anticipated.

16. Soil Activation

The potential for soil activation is limited since the main radiation component (bremsstrahl
which is responsible for the majority of the activation, proceeds mainly in the forward direc
and is absorbed mainly by machine components, whereas the soil berms are generally
large angles (almost at right angles) to the direction of maximum bremsstrahlung emission
giant resonance neutrons, medium-, and high-energy neutrons may be taken as approximat
tropic and have the potential to activate soil after passing through the shield. However, this a
tion would be a second-order reaction (i.e., bremsstrahlung interacts with matter to form G
MEN, and HEN that then further interact to produce radionuclides). Since these interaction
cesses involve another interaction probability (cross section), the yield of secondary produ
expected to be much less than that of the activated machine components (first-order reac
which is already small. In addition, the radiation will be significantly attenuated in pas
through the components and local shielding so that the magnitude of any activation of s
expected to be insignificant.

17. APS Off-Site Dose Estimates

Previous estimates of the off-site dose contributions from the various components of the AP
tem were made in APS-LS-141 Revised (MOE 91). In addition, revisions to these estimates
made in subsequent documents dealing with the specific accelerator components (MOE 93
93c, and 94). With the addition of the LEUTL, a further revision in the estimate has been m
Because all of the components are surrounded by the storage ring, only the storage ring m
significant contribution to the direct radiation at the nearest boundary (assumed to be 140 m
the ring). The estimated annual contribution from the storage ring from direct radiation
mrem/y. The estimated annual contribution from skyshine for the components of the APS s
are: 0.4 mrem from the linac, 0.83 mrem from the PAR, 0.05 mrem from the synchrotron, an
mrem from the storage ring. Adding the estimated 3.48 mrem/y from the LEUTL gives a tot

CH2O

CH2O
Act µCi( )

2.5 10
5

gal( )3.785 l gal⁄( )10
3

cc l⁄( )×
--------------------------------------------------------------------------------------------- 1.3 10

5–× µCi cc⁄= =
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6.86 mrem/y from skyshine. The total annual dose off-site at the nearest boundary is the
mrem.
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APPENDIX A
Discussion of MCI

The maximum credible incident (MCI) is that incident which produces the highest dose rate
compared to the dose rates that result from other potential incidents that have been analy
represents the largest risk associated with radiation incidents at the given facility. The inc
usually involves postulating equipment failure and/or human error to attain the resultant rad
dose. However, the incident must be considered credible, so that many events that could oc
of such low probability that the event can be considered incredible. That is, one must assum
most, if not all, of the safety systems fail to operate simultaneously with an accompanying e
ment failure and/or human error.

The maximum credible incident is defined as occurring when the LEUTL line is set up to ru
the safety envelope (700 MeV electrons at 1000 W) and the linac delivers that power of be
the synchrotron. For normal operating conditions, one would expect losses in the LEUTL to
along the line at some low rate. However, in the event that the beam becomes missteered, t
pattern is not predictable and one could find losses almost anywhere along the line. For the
mum credible incident (MCI), the conservative assumption has been made that the loss
place in the rising section of the line near the region where it reaches its highest point (se
Figure 3 of the text). This region is taken as 4 m inlength, at an average height of 2.3 m in th
synchrotron tunnel. The duration of the incident will depend upon the actuation of the shut
system mechanisms. The dose rate is calculated to give an indication of the potential dose
cations if failure of the shutdown mechanisms occur and the incident duration is extended
significant period of time.

The parameters used in the dose rate assessment are:

• beam energy 700 MeV,

• 1000 W of beam power, 8.92× 1012 e-/s in the beam,

• the total beam dumps along the length of the region (4m), which results in the highest
rate on the synchrotron mezzanine near the rf waveguides,

• the shutdown system fails to shut down the beam within a few pulses,

• the dose point is 2.443 m perpendicular distance from the loss region and is shielded b
cm of Fe and 100 cm of concrete,

• an individual is standing on the mezzanine directly above the region of the spill for the d
tion of the incident.

In a spill, the radiation is emitted along a line source toward the dose point, as shown in the s
in section 5.1 of the text. The contribution at the point P from the differential line segment d
the ith radiation component can be expressed by Equation (9):
41
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where P is the power lost per m of length (W/m), 3600 s/h converts W to J/h, Fi is the dose con-
stant (mrem/J at 1 m) for the ith radiation component, tj is the thickness of the jth shield materia

in g/cm2, λi,j is the attenuation length of the ith radiation component for the jth shield material
the distance (m) from the differential line segment to the dose point P, andθ is the angle between
the line segment and the dose point. The total contribution at the dose point P is given by Eq
(10) of the text:

.

Since there are four radiation components, each with a different attenuation length in each
two shields, and each component having its own dose constant that varies with the angleθ for all
but the GRN component, Equation (10) must be numerically integrated to obtain the total
rate at the point P in the sketch of section 5.1.

The highest total dose rate in the region is 13.1 rem/h. During the MCI, the beam will contin
be lost in the same region at the repetition rate of the linac. Assuming the duration of the inc
was as long as 20 minutes, the maximum expected dose under the circumstances would
rem. It is equally probable that the spill could occur anywhere along the line in the synchro
The expected average dose rate would then be 10.7 rem/h, resulting in a maximum dose
rem.

dḢi 3600PFi exp
tj θsin( )λi j,⁄–

i j,
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APPENDIX B
Linac Modification to Accommodate rf Test Area and Laser Room

As part of LEUTL operations, the space at the gun end of the linac will be modified to provid
“rf Test Area” and a “Laser Room,” as shown in Figure B-1. Concrete blocks will be used to
struct a shielding wall (A) across the entire alcove region at the gun end of the linac. Addit
concrete blocks (B) will be used to separate the two areas and provide shielding of the r
Area for individuals occupying the Laser Room. All concrete shielding will be 1.016 m th
Lead blankets will be used to shield any gaps remaining between the concrete blocks and th
ing of the linac. Bags containing lead shot will be used to fill voids in cable tray or other pen
tions.

In order to estimate the necessary shielding, two measurements were made during linac ope
The first involved using passive dosimeters (TLDs, Albedo, and CR-39) in the area shown in
ure B-2 for the entire duration of a run. The dosimeters were positioned at heights of 3', 6
7.5' above the floor of the linac at the various points indicated in Figure B-2. The region rou
approximates the area to be used for the Laser Room. The second measurement involved
of portable instruments—Albatross (HPI 2080), Eberline Rem Ball (Eberline ASP-1 with
diameter polyethylene sphere), and an Eberline RO-20—that were placed at locations 1, 2
in Figure B-1. The Albatross and the Rem ball were used for n measurements, and the RO-
ion chamber) was used for gamma. The response of these instruments while the linac was
run was read by using a TV camera positioned in the linac near the instruments and a monit
side the linac tunnel.

The passive dosimeter results, shown in Figure B-2, are all in mrem and are listed asγ for the pho-
ton dose, A for the Albedo dosimeter dose, and CR for the CR-39 dose. The Albedo reading
cates the low-energy neutron component (below about 1 MeV), and the CR-39 reading ind
the high-energy neutron component up to about 20 MeV. The general behavior of the result
gests that as one moves away from the linac line (toward the north), the radiation field doe
drop off very rapidly. Radiation scattered off the concrete walls of the alcove could contribu
this, as well as a diffuse source of radiation along the linac. At any rate, the results do not su
an inverse square drop-off of intensity with distance as one moves away from the linac i
northerly direction. As one moves away from the linac toward the east, there is a drop-off i
readings, but also not indicative of an inverse square relationship. In general, the decre
greater than that for the northerly direction, and the contribution of radiation scattered from
alcove walls is not indicated. These results suggest that the radiation field should be trea
inversely proportional to the distance from the radiation source.

Returning to Figure B-1, the tests with the portable instruments gave information that cou
scaled to conditions at the safety envelope. For the positions marked 1 and 3, the linac gu
run at 30 Hz (22 gun pulses/s), 220 MeV, and 30 nC/pulse; for position 2, the linac gun was
2 Hz, 220 MeV, and 30 nC/pulse. For positions 1 and 3, the rf gun was run at 10 Hz; for pos
2, the rf gun was run at 2 Hz. Readings were taken at all three locations for both linac and
operations. The radiation fields measured for position 2 were very much higher than tho
43



Figure B-1.  Linac modification showing rf test area and laser room.
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Figure B-2.  Passive dosimeter results for Run 1997-7.
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positions 1 and 3. This made it necessary to run at a reduced pulse rate frequency for pos
The results of the measurements at the three locations, normalized to a power level of 14
(220 MeV, 0.66µA) for linac gun operation and parameters of 1A, 10 Hz, and 3 MeV (nomin
for rf gun operation, are shown in Table B-1.

Table B-1. Survey Results for Linac Gun and rf Gun Operation

With respect to the rf gun data, the drop-off in intensity is more severe than a simple in
square relationship. The additional reduction in the radiation field could be due to photon ab
tion in the hardware of the rf gun apparati, which was not accounted for in the calcula
Assume the dose rates at the relevant locations include an additional attenuation of the phot
well as a point source inverse square drop-off. Using this model and the attenuation length
MeV photons, the dose rate 30 cm behind a 101.6-cm concrete wall was computed, base
converting the dose rate at point 2 to the dose rate at 1 m from the source point. The resu
0.45 mrem/h. Proceeding similarly with the data for point 3, the dose rate in the Laser Room
computed for rf gun operation. Due to the slant penetration through the concrete, the dos
was negligible. These results indicate that the 1.016-m concrete wall will provide adequate s
ing in the case of rf gun operation.

The results of the studies with the linac gun are puzzling. When normalized to the safety env
power, there is a large discrepancy between the point 2 dose rate and that of points 1
Assuming a point source along the linac in the vicinity of point 2, the measurement resul
points 1 and 3 show too large a drop-off from the point 2 reading. The drop-off in read
between points 3 and 1 suggests a 1/r relationship, such as a line source. To estimate the p
dose rates behind the concrete wall in the rf Test Area and the Laser Room, a line source alo
linac was assumed. In order not to underestimate the radiation field, the loss rate along th
source was adjusted to give the same reading at point 2, for operation at the safety envelop
no additional shielding, that was obtained by extrapolating the measurements in Table B-1
gave projected readings of 552 mrem/h n and 542 mrem/hγ. The use of this same loss rate gav
very conservative projected dose rates for the expected radiation fields at points 1 and 3
dose rates were then calculated with the 1.016-m-thick concrete wall in place, using the sam
source assumptions, and gave results as shown in Figure B-3. The highest dose rate (1.92 m
in the rf Test Area would allow restricted entry to this room for short durations. The estim
dose rate in the Laser Room is low enough to allow personnel to occupy this room on a re
basis. The permitted occupancy for each room will be determined by Health Physics pers
who will survey with portable instruments to determine the actual radiation fields with the
crete wall in place.

Location

Linac Gun Measurements
(mrem/h)

rf Gun Measurements
(mrem/h)

n    γ n γ

Point 2 224.4 220 NA 5375

Point 3 27.6 20 NA 1067

Point 1 19.2 4 NA 240
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Figure B-3. Estimated dose ratesin the rf test area and thelaser roomfor operation at thelinac
safety envelope.
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